The inhibitory effect of diethanolamine (DEA) on corrosion of mild steel in 0.5 M H 2 SO 4 was investigated by various corrosion monitoring techniques. Galvanostatic polarization study revealed that this compound is a very good inhibitor. The inhibition efficiency (I%) varies in the range of 88.7% to 55.3 % for a concentration range of 10 -3 M to 10 -7 M at 303 K, respectively. A study of corrosion potential (E corr ) reveals that DEA is a mixed type inhibitor. DEA inhibited mild steel corrosion due to physical adsorption of the inhibitor on the metal surface. The study at higher temperatures indicates that the inhibition efficiency decreases with the increase in temperature. The adsorption of DEA on the mild steel surface in 0.5 M H 2 SO 4 follows the Frumkin's adsorption isotherm. The results of potentiostatic polarization study revealed that DEA is a strong passivating additive. The results of infra red (IR) spectroscopy, scanning electron microscopy (SEM) and quantum chemical study supplement the results of the electrochemical techniques.
Introduction
The investigation of inhibition of corrosion of iron is a matter of high theoretical as well as practical interest [1] . Acids are widely used in many industries. Some of the important areas of application are industrial acid cleaning, acid pickling, acid descaling and oil well acidizing [2] . Due to the aggressiveness of acids, inhibitors are used to reduce the rate of dissolution of metals.
It is reported that nitrogen-containing compounds such as azole derivatives [3] [4] [5] [6] [7] , imidazolin derivatives [8, 9] , alkyl and aryl amines [10] [11] [12] perform better in hydrochloric acid. In general, most of the effective and efficient inhibitors in usage are organic compounds having π bonds and heteroatoms like nitrogen, sulphur and oxygen atoms, etc., in their structures [13] . The efficiency of an organic compound as a successful inhibitor is mainly dependent on its ability to get adsorbed on the metal surface. 4-acetyl pyridine [14] , aliphatic amines [15] such as dimethylamine, ethylamine, diethylamine, butylamine, butyldiethylamine and other derivatives of octylamine inhibit the corrosion of steel in acid solution by donating the unshared pair of electrons from the N atom and form a surface complex. Alkylene pyridinium compounds inhibit mild steel corrosion in 0.5 M H 2 SO 4 due to inter-molecular synergism by the introduction of substituents in the pyridine ring [16] . The inhibitive effect of aniline and alkylamine [17] , psubstituted anilines [18] and N-substituted anilines [19] is attributed to the interaction of π-electron cloud of aromatic ring on iron and steel surface through vacant 'd' orbital of iron, leading to the formation of co-ordination bond between Fe-N. The corrosion inhibition property of low molecular weight straight chain amines for steel corrosion has also been studied [20] . Recently, ortho-substituted anilines [21] and polyanilines [22, 23] have also been studied. In this paper, the inhibition effect of diethanolamine on the corrosion of iron in 0.5 M H 2 SO 4 is discussed. The structure of diethanolamine can be given as Its inhibitive effect on acid corrosion of mild steel in 0.5 M sulphuric acid was investigated by various corrosion monitoring techniques like galvanostatic polarization studies, potentiostatic polarization studies, scanning electron microscopy (SEM), infrared spectroscopy (IR) and Quantum Chemical Studies. Its inhibitive effect on acid corrosion of mild steel in 0.5 M sulphuric acid at different temperatures was also studied.
Experimental procedure
An electrochemical cell assembly of three electrodes was used for Tafel polarization and potentiostatic polarization studies. The experiments were conducted using mild steel having the composition: C=0.15%, Mn=1.02%, Si=0.025%, P=0.025% and rest being Fe. The test specimens were cut into 1 cm × 1 cm size with help of shearing machine and edges were smoothened. They were abraded into uniform surfaces with the help of grinding machine by using 150, 320, 400 and 600 grade emery papers. The working electrodes were soldered with insulated copper wire and after proper surface preparation; they were coated thoroughly with epoxy resin keeping surface area of 1 cm 2 exposed to corrosive medium. Calomel electrode was used as the reference electrode and platinum wire was used as auxiliary electrode. Polarization measurements were made under thermostatic conditions at 303 K, 313 K, 323 K and 333 K.
Results and discussion

Galvanostatic polarization studies
The results of the effect of additive concentrations on mild steel in 0.5 M sulphuric acid are shown in Table 1 where I o is the corrosion current without additive and I i the corrosion current with additive. The inhibition efficiency has been found to increase with increase in concentrations of DEA and decrease with the increase in temperature. The result shows high degree of corrosion inhibition at higher concentration. With the increase in temperature, the adsorption tends to weaken resulting in short time lag between adsorption and desorption, thus leading to higher extent of corrosion. At 303 K, the corrosion current density changes from 3.50 mA.cm -2 to 2.90 mA.cm -2 as concentration is changed from 10 -7 M to 10 -3 M at 303 K, respectively, while this change is from 3.97 mA.cm -2 to 3.80 mA.cm -2 for the above inhibitor concentration range at 333 K. Thus it can be seen that the decrease in corrosion current is much more pronounced at lower temperatures than at higher ones. The inhibition efficiency is reduced to 60.2% at 333 K as 
Potentiostatic polarization studies
Passivity affects the kinetics of corrosion process because it produces a protective film that acts as a barrier to attack on the metal surface by the environment. Fig. 2 shows the representative potentiostatic polarization curve for the corrosion of mild steel in 0.5 M H 2 SO 4 solution and in the presence of various concentrations of DEA at 303 K. The effects of DEA have been studied in terms of electrochemical parameters, i.e., critical current density (i c ), passivation potential (E pp ), and passivation current, and are shown in Table 2 . i c is found to decrease with increasing concentration. The value of i p decreases from 3.19 mAcm -2 to 0.50 mAcm -2 as the concentration of DEA is increased from 10 -7 to 10 -3 M. Passivation range is more in presence of additive than that of pure acid and increases with increase in concentration of DEA. The value of i p is lowered when compared with the dissolution in the absence of additives. The passivation current, i p , is found to be lower at higher concentration as compared to lower concentration of DEA. This indicates that DEA passivates the mild steel [25] . The passivation parameters may also be depending on the presence of the already adsorbed anions [26] . Temperature kinetics studies The adsorption kinetics and the effect of temperature on acid corrosion of metals in the presence and absence of DEA were studied. The corrosion data have been analyzed to determine the surface coverage (θ) at different temperatures, which can be calculated using the equation,
where I% is the inhibition efficiency. The effective activation of energy (E a ) is calculated from the following equation:
Log I corr = B-E a /2.303RT where B is a constant and I corr is the corrosion current density. The values of E a given in Table 3 indicate that this inhibitor gets physically adsorbed on the mild steel surface. The higher values of effective activation energy (E a ) in the presence of inhibitor as compared to the E a in the absence of inhibitor in sulfuric acid indicates that the inhibitor induces the energy barrier for the corrosion reaction which leads to the decreasing of rate of corrosion of mild steel in the present of inhibitor. According to O.K. Aiola, B.B. Damaskin [27, 28] , the value of activation energy less than 80 kJ/mol and even smaller than 5 kJ/mol represents physical adsorption. Hence, in the present observation, a considerably lower value of E a in the inhibitor is the indication of inhibitory effect of inhibitor through physical adsorption. The plots of log I corr versus 1/T show strong correlation coefficient as shown by the values of (R 2 ) given in Table 3 . Since the inhibition by DEA is through physical adsorption, there may be a possibility of DEA forming a multilayer protective coverage on the surface of mild steel. Several isotherms like Langmuir isotherm, El-Awady isotherm, Temkin isotherm, Freundlich isotherm, Frumkin isotherm and Flory-Huggins isotherm, etc., were studied. Among all these isotherms, the best-fit adsorption isotherm is the Frumkin adsorption isotherm for adsorption of DEA on mild steel surface with the mean R 2 value 0.9989. This means that there is an adsorption on a homogenous surface with interaction in the adsorption layer and the negative "a" value suggests that there is a decrease in the adsorption energy that is caused by the repulsive lateral force between the molecules in the adsorbed layer. DEA follows Frumkin adsorption isotherm. The adsorption on a homogeneous surface with an interaction in the adsorption layer obeys Frumkin's isotherm [29] . The equation of Frumkin isotherm is, {θ/ (1-θ)} e -2a θ = K C Taking log on both sides, it becomes,
where 'a' is the interaction parameter which can be positive or negative. A positive value indicates that the adsorption energy is increased by the lateral attraction between the adsorbed molecules and the negative values suggest that there is the presence of the lateral force of repulsion between the molecules in the adsorbed layer. Therefore, DEA after adsorption through amine (NH-) and the hydroxyl groups (OH-) on the metal surface experiences lateral repulsive interactions among the amine (NH-) and the hydroxyl groups (OH-). This also supplements that the adsorption of this inhibitor occurs via donation of electrons of nitrogen and oxygen atoms to the metal. From the plots of Log {θ/ (1-θ) C} vs. θ, shown in Fig. 3 , values of K and "a" are calculated from intercept and slope, respectively. The values of free energy of adsorption (∆G) ads, are calculated by using the following equation [30] :
∆G ads = -RT ln 55.5 K The various values are tabulated in the IR spectroscopy IR spectroscopy has been used to investigate the nature and center of adsorption by adsorbing the inhibitor on the silver iodide. An IR spectrum of the pure inhibitor was also traced. On comparing the peaks of adsorbed spectra and pure spectra, it was found that a number of peaks have either disappeared or shifted. This indicates that these inhibitors are adsorbed on the silver iodide surface to certain extent. Since these are adsorbed on the surface, it is anticipated that the adsorption of these inhibitors takes place on the mild steel surface as well. The IR spectra of pure DEA are shown in Fig. 5.1 . The important peaks of pure and adsorbed DEA are given in Table 6 . The peak at 3307.97 cm -1 (broad peak) is due to N-H (str) of secondary amine and O-H (str) of alcohol including the intermolecular hydrogen bonding. The peaks at 1457.08 cm -1 and 1366.29 cm -1 correspond to C-H bending (def) of methylene and the peak at 1244.63 cm -1 is because of C-N (str) bond present in the molecule. The peak at 1065.73 cm -1 is due to O-H bending (def) and the peak at 1123.24 cm -1 corresponds to O-C (str) bond present in the molecule. 5.2 shows the infrared spectra of DEA adsorbed on the silver iodide in KBr medium. It is evident from the spectra that the peak at 3307.97 cm -1 (broad peak) has disappeared, indicating that nitrogen and oxygen atoms are participating in the adsorption process through their lone pairs and this shows the good adsorption. And the peak at 1457.08 cm -1 has shifted to 1383.95 cm -1 , suggesting that it was affected and involved in adsorption, and the peak at1366.29 cm -1 has also disappeared. The peak at 1244.63 cm -1 has disappeared, confirming that nitrogen atom is adsorbed on the surface of the silver iodide, and the peaks at 1123.24 cm -1 and 1065.73 cm -1 have shifted to the lower frequency, giving a broad peak at 1057.70 cm -1 , confirming that oxygen atoms are also effectively involved in the adsorption process. DEA, as indicated from the spectral data, results in strong adsorption due to donation of lone pair of electrons on oxygen and nitrogen to vacant d orbital of the metal which leads to the formation of metal complexes.
SEM studies
Quantum studies
In the light of experimental observation for the choice of good inhibitor acting on metal steel in 0.5 M H 2 SO 4 the quantum chemical study has been carried out to authenticate the above information at the electronic level. The geometry of the molecule has been optimized by AM1 PolakRibiere optimizer with convergence limit = 0.10 of hyperchem. 5.1 [32, 33] . The quantum chemical calculation parameters are given in the Table 7 . The relation between inhibition efficiency of inhibitor and the quantum chemical calculation parameters like E HOMO and E LUMO , dipole moment, binding energy and the charge on the molecules were investigated. Fig. 6 .1 shows the optimized geometry of DEA as ball and stick model and Fig.  6 .2-6.5, show 3-D isosurfaces of total charge densities (HOMO), 3-D isosurfaces of total charge densities (LUMO) and electrostatic potential mapped on to 3-D charge density isosurfaces, and charge density maps for active sites of DEA, respectively. The various optimized parameters are reported in Table7. In figures 6.1-6.5, Navy blue balls represent nitrogen atom, green balls represent hydrogen atoms, blue balls represent the carbon atoms, and red balls represent the oxygen atoms. The negative binding energy (Table 7) indicates that DEA is very stable and is less prone to be split or broken apart. Fig. 6 .1 shows that DEA is not a planar molecule but has less steric hindrance. Therefore, the coverage of the surface may be as uniform as observed for planar molecules. The HOMO-LUMO energy gap (Table 7) shows that DEA is an efficient inhibitor [34] which is also observed by the experimental inhibitor efficiency at 303 K. The value of dipole moment indicates the possibility of adsorption of the DEA by electron donation in the inhibition process. The negative charges on nitrogen and oxygen atoms also show the possibility of adsorption through the nitrogen atom and oxygen atoms. The highest values of the total charge densities (HOMO) were found in the vicinity of the nitrogen atom ( Fig. 6.2) indicating it as most probable adsorption centre [35] . 
Conclusions
DEA can be used as inhibitor during acid corrosion of mild steel in 0.5 M sulphuric acid. The corrosion inhibition characteristics have been studied by Tafel polarization, potentiostatic polarization, temperature kinetics at different concentrations and temperatures, IR spectroscopy, SEM and quantum chemicals calculation. It can be concluded that:
1. DEA is an excellent corrosion inhibitor for mild steel in acidic medium. 2. The adsorption of DEA follows the Frumkin adsorption isotherm. The negative value of "a" means that there is repulsion among the adsorbed inhibitor molecule on the metal surface. 3. The adsorption is of physical type suggested by low values of effective activation energy (E a ) and free energy of adsorption ( G ads ). 4. DEA is a mixed inhibitor inhibiting both cathodic and anodic process to equal extent. 5. The inhibition efficiency increases as concentration of these inhibitors increases. 6. The corrosion is inhibited in the presence of DEA in acid solutions at all temperatures and the inhibition efficiency decreases as temperature increases. 7. The results of infrared spectroscopy (IR) indicate that DEA is adsorbed on mild steel through nitrogen atom and oxygen atoms. 
